Introduction
============

Epilepsy is one of the most common neurologic illnesses. This condition afflicts 2.9 million adults and children in the US, leading to an economic impact amounting to \$15.5 billion.[@b1-ndt-12-467] Despite the significant burden epilepsy places on the population, it is not very well understood. Diagnosis and management of epilepsy is an active area of research. As understanding of this disease continues to evolve, it is important for clinicians to stay up to date with the latest advances to provide the best care for patients. In the last 20 years, the US Food and Drug Administration (FDA) has approved 15 new antiepileptic drugs (AEDs), with many more currently in development.[@b2-ndt-12-467] Other advances have been achieved in terms of surgical management, electroencephalography (EEG) technology, and alternate routes of administration. Managing epilepsy patients can be challenging, due to the complex nature of the disease. AED side effects, drug interactions, and medical/psychiatric comorbidities are the typical scenarios that add to the conundrum. Specific patient populations, such as the pregnant, elderly, and those with HIV/AIDS and psychiatric illness, present their own unique challenges.

The purpose of this article is to review the latest literature guiding the management of acute epileptic seizures. Specific status epilepticus (SE)-management strategies and guidelines are assumed as known, and will not be discussed in this review. Also, management of seizures in the pediatric realm is not discussed in this adult population-based review, because of the sheer volume of pediatric data present and the lack of expertise on the pediatric population of the authors, all of whom are adult practitioners. This article focuses on the current challenges across different practice settings, and discusses studies in various patient populations, including the pregnant, geriatric, those with HIV/AIDS, and comatose, psychiatric, and "pseudoseizure" patients, and offers possible evidence-based solutions or the expert opinion of the authors. Also included is information on newer AEDs, routes of administration and significant AED-related drug-interaction tables.

Epilepsy and seizures in pregnancy
==================================

Seizures and epilepsy in pregnancy pose a unique set of challenges for the pregnant patient, the fetus, and the health care community. It is estimated that three to four births per 1,000 will be born to women with epilepsy (WWE),[@b3-ndt-12-467],[@b4-ndt-12-467] and these women when pregnant face a tenfold increase in odds of dying compared to the general population, greatly exceeding the two- to threefold increase in standardized mortality rate observed throughout life in people with epilepsy.[@b5-ndt-12-467] Seizures and AEDs, which are the mainstay of treatment, pose significant problems to WWE at all stages, right from preconception/planning, through pregnancy and delivery, to the postpartum stage, affecting the infant too. In this section, prominent challenges during each stage, starting with pregnancy and ending with the appropriate planning required in the preconception stage, and best treatment strategies for seizures in this population are addressed.

Pregnancy in WWE poses such risks as potential teratogenic effects of AEDs, effects of maternal seizure on the mother and fetus, and genetic risk of seizures, all of which increase the chance of adverse outcomes.[@b6-ndt-12-467] On the issue of AEDs, while it is known that there is a dose-associated increase in the risk of congenital malformations,[@b7-ndt-12-467] there is enough evidence to believe that seizure control is less likely to be maintained in AED-untreated pregnancies.[@b8-ndt-12-467] Even reductions in the concentrations of drugs like lamotrigine and oxcarbazepine have been associated with an increased seizure frequency.[@b9-ndt-12-467],[@b10-ndt-12-467] A detailed discussion on teratogenesis by AEDs is beyond the scope of this review. It must be noted that while structural teratogenesis is due to first-trimester exposure, cognitive ill effects are a likely risk with exposure throughout pregnancy. Valproic acid is the most incriminated cause of malformations, and is best avoided in preference to other agents.

Though there is no actual decrease in seizure threshold, numerous physiological changes during pregnancy cause pharmacokinetic alterations, including increased volume of distribution, elevated renal clearance, and induction of hepatic metabolism, making seizure control challenging. All these changes tend to decrease AED blood levels (ABLs). Specifically, glucuronidation induction decreases levels of lamotrigine and oxcarbazepine. Levetiracetam, phenytoin, phenobarbital, and zonisamide levels have been shown to decline 40%--70%, while carbamazepine levels tend to remain largely unchanged.[@b11-ndt-12-467],[@b12-ndt-12-467] Reisinger et al performed a retrospective analysis on 115 pregnancies in 95 WWE to characterize the magnitude of clearance changes during pregnancy for multiple AEDs and to assess seizure frequency and factors increasing seizure risk in them.[@b13-ndt-12-467] ABLs were recorded and changes in clearance and dose analyzed for an association between levels and seizure frequency. Lamotrigine and levetiracetam were found to have significant increases in clearance by 191% and 207%, respectively, compared to nonpregnant baseline. Despite an increase in dose of most AEDs, an increase in seizures was noted in 38.4% of patients, while seizure deterioration was significantly more likely in patients with seizures in the 12 months prior to conception and those with localization-related epilepsy. The highest rates were among those on polytherapy, possibly because they had more severe epilepsy. Overall, seizures were found to worsen when AED levels fell \>35% from preconception levels. A lack of linear response between ABL decrease and increased seizure risk likely indicates the influence of other pregnancy-related factors contributing to breakthrough seizures, like hormone fluctuations, sleep-cycle disturbances, and heightened stress.[@b14-ndt-12-467] American Academy of Neurology (AAN) practice parameters hence state that therapeutic drug-level monitoring during pregnancy should be considered for lamotrigine, carbamazepine, and phenytoin, while monitoring for levetiracetam and oxcarbazepine may be considered.[@b11-ndt-12-467]

The EURAP study, a prospective observational study from 42 countries, monitored 3,784 pregnant WWE and found 66.6% to be seizure-free, while a lamotrigine-treated group was found to be superior in terms of seizure control.[@b15-ndt-12-467] Another prospective study of 1,297 pregnancies in WWE found that women who experienced seizures in the prepregnancy month had a 15-fold greater risk of seizures during pregnancy.[@b16-ndt-12-467] In accordance with these findings, the AAN guidelines note that seizure control in the preconception period is a significant predictor of seizure activity during pregnancy.[@b17-ndt-12-467]

Seizures affect pregnant women in many ways. It has been shown that WWE have an increased risk of gestational hypertension, but not preeclampsia.[@b18-ndt-12-467],[@b19-ndt-12-467] WWE who smoke during pregnancy seem to have a significant increase in the risk of preterm delivery compared to women without epilepsy who smoked.[@b20-ndt-12-467] The investigators of the Kerala Registry of Epilepsy and Pregnancy prospectively followed a cohort of 375 pregnant WWE, investigated (among other things) infertility, and concluded that failure to conceive was significantly associated with using more than one AED, while taking three or more imparted a 20-fold increased risk of not conceiving.[@b21-ndt-12-467]

Causes of seizures during pregnancy are many, as enumerated in [Table 1](#t1-ndt-12-467){ref-type="table"}. New-onset seizures during pregnancy should be assumed to be due to eclampsia or intracranial hemorrhage until proven otherwise.[@b22-ndt-12-467],[@b23-ndt-12-467] While causes like hyperemesis gravidarum can cause seizures from metabolic disturbances, cerebrovascular accidents, trauma, and tumors have seizure potential from structural and pathological disturbances. It is important to discuss two pregnancy-specific causes of seizures, preeclampsia and eclampsia, which account for about 10%--15% of maternal deaths.[@b24-ndt-12-467] The pathophysiology is thought to be placental under perfusion and hypoxia that releases antiangiogenic factors that impair maternal endothelial function, leading to increased vascular permeability, vasoconstriction, activation of the coagulation cascade, and microangiopathic hemolysis.[@b25-ndt-12-467] Neurologic complications like seizures, reversible cerebral vasoconstriction syndrome, encephalopathy, ischemic stroke, intracranial hemorrhage, and HELLP (hemolysis, elevated liver enzymes, low platelet count) syndrome can result from this and usually present by the 20th week of gestation, but can begin even in the postpartum period, 48 hours to 4 weeks after delivery.

Preeclampsia, defined as hypertension (\>140/90 mmHg), proteinuria (\>300 mg per day), and peripheral edema, becomes eclampsia when the pregnant woman also experiences seizures. One in 400 mild and one in 50 severe preeclampsia patients develop seizures.[@b26-ndt-12-467] Eclampsia can also lead to posterior reversible encephalopathy syndrome when there is a breakdown of cerebral autoregulation, often manifesting as a complex of headache, visual disturbances including cortical blindness, and generalized tonic--clonic seizures. The clinical challenge is to differentiate seizures from other causes and those because of eclampsia/posterior reversible encephalopathy syndrome. Magnesium sulfate is the treatment of choice for eclampsia-related seizures, where magnesium causes an increase in voltage-dependent blockade of the *N*-methyl-[d]{.smallcaps}-aspartate-type glutamate channels by preventing calcium influx, with glutamate being excitatory and contributing to epileptogenesis.[@b27-ndt-12-467] The Eclampsia Trial Collaborative Group showed over two trials that magnesium is superior to both diazepam and phenytoin in the treatment of seizures.[@b28-ndt-12-467] Magnesium is thought to protect the blood--brain barrier and limit cerebral edema formation, while it acts on cerebral and peripheral vasculature and causes vasodilatation.[@b29-ndt-12-467] The next most important therapeutic intervention is to treat hypertension. Pulmonary edema and disseminated intravascular coagulation might be medical complications that will require immediate attention. For eclamptics with seizures, immediate delivery of the fetus after maternal stabilization is indicated.

While maternal seizures can cause falls, burns, and injury to the mother, there is an increased risk of obstetric sequelae like placental abruption, premature labor, and delivery. Pregnant WWE are hence at an increased risk of spontaneous abortion, premature induction of labor, cesarean section, and postpartum hemorrhage.[@b30-ndt-12-467] Maternal seizures have an obvious adverse effect on the fetus by causing hypoxia and distress that manifest as fetal bradycardia, transient late decelerations, decreased beat-to-beat variability, and compensatory tachycardia, all of which reverse in 3--10 minutes after the convulsion terminates.[@b31-ndt-12-467] It is considered safer to allow the fetus to recover in utero from the hypoxia and hypercarbia of maternal convulsions. If bradycardia and/or late decelerations persist beyond 10--15 minutes despite all resuscitative efforts, then emergency delivery should be considered. Breakthrough seizures may occur in WWE nearing term due to altered pharmacokinetics of AEDs. Seizure risk is highest during labor and the subsequent 24 hours, likely due to failure to take AEDs, impaired absorption, and sleep deprivation.[@b32-ndt-12-467],[@b33-ndt-12-467] The EURAP study found that seizures during delivery occurred in 2.6% of pregnancies in WWE on lamotrigine and carbamazepine, in 1.9% in those using phenobarbital, and in 1.4% using valproic acid.[@b15-ndt-12-467] The Kerala Registry of Epilepsy and Pregnancy found seizure relapse among women not on AEDs or on relatively low doses to be highest during the three peripartum days.[@b16-ndt-12-467] Important advice during admission for delivery is to ask patients to bring in their own AEDs and adhere to their usual dosing regimen.

In the postpartum period, it is important to remember that the pharmacokinetics will return to prepregnancy levels within 10--14 days of delivery, so persisting with pregnancy doses after delivery can result in toxic levels of AEDs. It is useful to monitor levels and come up with a taper schedule over a week to 10 days following delivery. Most AEDs are excreted in breast milk, and are not a contraindication for breast-feeding infants.

Given all these challenges WWE face during pregnancy, the preconception period is most vital for planning a safe, prepared, and educated pregnancy, as indicated by practice guidelines.[@b11-ndt-12-467],[@b34-ndt-12-467] Prior to conception, every effort should be made to control seizures, especially generalized convulsions, establish individualized therapeutic levels of AEDs with at least two serum values before pregnancy, avoid valproate and phenobarbital, if possible, or use lowest effective dose, and aim for monotherapy, and both physician and patient should have a clear understanding of the problems and a plan to manage them. All these measures have been shown to improve pregnancy outcomes.[@b35-ndt-12-467]--[@b37-ndt-12-467] While reviewing literature, we noted there seemed to be an incongruity between awareness of epilepsy/seizure-related issues during pregnancy and specific knowledge of the impacts, with only 7% of women knowing that being seizure-free in the 9 months prior to pregnancy increased their chances of being seizure-free during pregnancy, and only 6% knew that AED exposure in utero may have long-term neurodevelopmental effects on the fetus.[@b38-ndt-12-467] Also, another study showed that only a third of WWE on AEDs associated with a risk of contraceptive failure knew of this risk.[@b39-ndt-12-467] In addition, the more AEDs a women was taking, the poorer the knowledge of medication interactions, implying that those with severe forms of epilepsy were most likely to have contraceptive failure and greatest risk of unplanned pregnancy.[@b39-ndt-12-467]

It has been noted that there is a stark absence of research concerning the priorities and perspectives of WWE during pregnancy. The few studies have thrown light on the importance of behavioral research. Women need to come to terms with the counterintuitive knowledge that taking AEDs actually reduces risk. Another study found women with planned pregnancies were more likely to seek out information, perceive teratogenesis risks as more threatening, and proactively seek a "safe pregnancy".[@b40-ndt-12-467] Preconception consultation, counseling, and planning by patient and physician is the key to managing epilepsy and seizures in pregnancy.

Seizures in HIV/AIDS patients
=============================

The HIV/AIDS population is prone to developing epilepsy for various reasons, such as opportunistic infection, direct central nervous system toxicity, and metabolic disturbance. AED use is complicated due to potential interactions with highly active antiretroviral therapy (HAART).

In the acute setting, the usual algorithms should be followed to abort seizure activity. For long-term treatment, specific dose adjustments may be necessary, and are outlined in guidelines from the International League Against Epilepsy.[@b41-ndt-12-467] The recommendations are summarized in [Table 2](#t2-ndt-12-467){ref-type="table"}, which illustrates the relative paucity of good-quality studies that can guide the management of concurrent AEDs and HAART. Enzyme-inducing AEDs (such as phenytoin, primidone, phenobarbital, and carbamazepine) are associated with more adverse effects and should be avoided if possible, especially with the use of protease inhibitors and nonnucleoside reverse-transcriptase inhibitors.[@b41-ndt-12-467],[@b42-ndt-12-467] Levetiracetam, lacosamide, gabapentin, and pregabalin appear to be the best choice in HIV/AIDS patients with epilepsy and HAART. Based on expert opinion, these AEDs have the advantage of having minimal interactions with HAART, but they are expensive.[@b43-ndt-12-467] Detailed studies have not been done. Yacoob et al[@b44-ndt-12-467] investigated the role of valproic acid in a small case series in a resource-poor setting. They reported excellent seizure and HIV control, suggesting that valproic acid is a safe and effective alternative to the more expensive AEDs.

Overlapping toxicities of AEDs, HAART, and the effects of HIV itself are another cause of clinical confusion. This makes it difficult to determine the etiology of such symptoms as weight loss, renal stones, hepatotoxicity, and osteoporosis. Overlapping toxicities should be identified so that those particular drug combinations can be avoided.[@b45-ndt-12-467] Cardiovascular risk can be magnified by the use of concurrent protease-inhibitor and enzyme-inducing AEDs. Renal stones are associated with topiramate, zonisamide, and the protease inhibitors atazanavir and indinavir. HIV patients with hypogonadism should avoid using AEDs if possible. Tenofovir and prolonged AED use (especially phenytoin) are both associated with osteoporosis. An inexhaustive list of possible overlapping toxicities is shown in [Table 3](#t3-ndt-12-467){ref-type="table"}.

Lee et al[@b46-ndt-12-467] further investigated the effects of long-term exposure (6- and 12-month follow-up) in 55 patients with undetectable viral loads on HAART, prior to AED exposure. Contrary to expectation, they reported an increase in CD4 counts with the use of sodium-channel blockers that are known to interact with HAART (including phenytoin, carbamazepine, and lamotrigine). This small retrospective study suggested that the issues with interaction may not be as clinically serious as suggested by other studies, and that there might be immunological benefit from concurrent AED therapy.

Using prospective data from the CHASE study, Siddiqi et al[@b47-ndt-12-467] investigated the utility of EEG in a resource-poor area of Zambia. They found that 23 of 81 patients had recurrent seizures. The same group also investigated the utility of neuroimaging in the CHASE cohort, concluding that it did not predict recurrent seizure.[@b48-ndt-12-467] Investigators who studied the outcomes of HIV patients with epilepsy have found patient engagement to be a significant factor. Sikazwe et al[@b49-ndt-12-467] reported that less than half of a cohort of 320 patients in Zambia chose to participate actively in treatment.

Overall, HIV/AIDS patients have a higher seizure burden compared to the general population, but they appear to be easy to control if properly treated. Enzyme-inducing AEDs should be avoided if possible. Newer AEDs have minimal interactions with HAART, but are not widely available in resource-poor settings. In that case, valproic acid may be a good alternative. The management of HIV-related seizures might be adequate without the use of routine EEG and neuroimaging in resource-poor settings.

Epilepsy and seizures in older adults and dementia patients
===========================================================

Seizures and epilepsy in the elderly population pose an ever-increasing challenge to health care as the geriatric population increases in size.[@b50-ndt-12-467] Twenty-five percent of new-onset seizures are thought to occur in elderly over 65 years, given the bimodal peak of epilepsy.[@b51-ndt-12-467] Of these, at least 10% are thought to be attributable to neurodegenerative conditions[@b52-ndt-12-467],[@b53-ndt-12-467] and may be responsible for a sixfold-increased risk of seizures, specifically in Alzheimer's disease (AD).[@b54-ndt-12-467] Recent studies have revealed that epilepsy could precede the onset of cognitive symptoms in AD by years in a subset of patients.[@b55-ndt-12-467],[@b56-ndt-12-467] Inciting events like stroke, tumors, trauma from falls, and organ-system dysfunction can all precipitate seizures, especially when coupled with preexisting dementia. Romanelli et al concluded from their study that focal seizures and seizures during mild dementia should prompt a search for a diagnosis different from dementia.[@b57-ndt-12-467]

Specific challenges arise when these conditions coexist, such as a marked worsening of cognitive and neurological function with seizures that is thought to accelerate cell death in dementia.[@b58-ndt-12-467],[@b59-ndt-12-467] Vossel et al analyzed 54 patients with amnesic mild cognitive impairment and AD with subclinical epileptiform abnormalities, and compared them with control patients with mild cognitive impairment or AD without epilepsy. The study group had an earlier onset of cognitive decline compared with the control group without epilepsy.[@b56-ndt-12-467] A large proportion of elderly live in assisted-care facilities, which places an added burden on caregivers while worsening quality of life.[@b51-ndt-12-467],[@b60-ndt-12-467] Prolonged postictal periods also complicate care, and put them at higher risk of accidents and injuries.[@b61-ndt-12-467] The next issue will be to diagnose seizures accurately, especially when the differential diagnoses can be as varied as syncope, transient ischemic attacks, transient global amnesia, arrhythmias, metabolic disturbances, and "psychogenic" episodes. Ictal confusion and staring may be the only signs of seizure with a lack of typical motor manifestations. They are often accompanied by prolonged postictal phases. The social setting makes obtaining an accurate history of the event and comorbidities difficult.

Diagnosing seizures needs a high degree of suspicion, as just indicated. EEG findings are fairly typical, and even show spatial predilection based on the type of dementia process, such as AD and disordered temporal activity. Consensus indicates that only patients with a second seizure or high risk of recurrent seizure should be treated, which brings us to the therapeutic challenges. A slew of pharmacokinetic changes complicate drug treatment in the elderly. AEDs like phenytoin are highly susceptible to aging changes, such as decreased total protein, albumin, and protein binding, and hence fluctuate as much as tenfold.[@b62-ndt-12-467],[@b63-ndt-12-467] Hepatic and renal disease can further complicate the picture. Hepatic mass, blood flow, and metabolism all diminish by about 10% for every decade after 40 years, particularly affecting the cytochrome P450 system that is responsible for metabolizing many AEDs. Renally cleared drugs like levetiracetam, topiramate, and gabapentin are affected with age-related decrease in glomerular filtration rate. It is important to titrate doses more accurately and obtain drug levels during management.

Choosing the right AED can be tricky for these reasons. A Veterans Affairs cooperative study randomized patients aged 60 years and older with new-onset seizures to receive gabapentin, lamotrigine, or carbamazepine.[@b64-ndt-12-467] At the end of 1 year, patients on lamotrigine showed the best retention, while those on carbamazepine showed the worst. A previous study by Brodie et al showed a similar finding, with patients on carbamazepine having a higher dropout rate than lamotrigine.[@b65-ndt-12-467] An AED that potentially treats seizures while helping with other symptoms of dementia can be very useful, especially in avoiding polypharmacy. Valproate has some mood-stabilizing properties, but the sheer burden of side effects makes it a poor candidate. In a randomized trial of levetiracetam, phenobarbital, and lamotrigine in patients with AD, 58%−71% of the patients had \>50% seizure reduction during a 1-year period. Levetiracetam had the most favorable profile on cognition, although lamotrigine showed the most positive effect on mood.[@b66-ndt-12-467] Similar results have been shown in other trials on AD patients.[@b67-ndt-12-467],[@b68-ndt-12-467] Some neuropsychiatric symptoms can worsen in susceptible older adults on levetiracetam. Older-generation AEDs like phenytoin, phenobarbital, and valproate tend to have more cognitive effects, while topiramate can worsen verbal memory, attention, and cognitive speed in the elderly.[@b69-ndt-12-467] Increasingly, lacosamide is being used, but no real studies have been conducted in the elderly with this agent.

Side effects and drug interactions are a further impediment in elderly and demented patients, owing to polypharmacy and lifestyle. Such problems as osteoporosis, cardiac risk-factor worsening, and toxicity of other agents on withdrawal of AEDs can all be serious. Brain tumors are more common in the elderly, cause seizures, require patients to be on AEDs as well as cancer chemotherapy, and pose a unique challenge. Enzyme inducers can decrease the level of chemotherapeutic agents. *N*-methyl-[d]{.smallcaps}-aspartate receptor antagonists and acetylcholinesterase inhibitors that are used in the treatment of dementia do not have established seizure threshold-lowering properties. Among antidepressants, most are safe, with the exception of bupropion, which is known to increase seizure risk.[@b70-ndt-12-467] While the general practice is to avoid first-generation antipsychotics, this is based on weak observational data. Among second-generation agents, clozapine is an established seizure risk,[@b71-ndt-12-467] and a meta-analysis showed the seizure incidence to be high in clozapine, olanzapine, and quetiapine compared to placebo, while risperidone and ziprasidone did not have a high incidence.[@b72-ndt-12-467] Two other pharmacovigilance studies had users of clozapine, olanzapine, and quetiapine report more frequent seizures than those of risperidone, amisulpride, and aripiprazole.[@b73-ndt-12-467],[@b74-ndt-12-467] A recent observational study by Bloechliger et al confirmed these findings in dementia patients, where use of first-generation antipsychotics and newer agents like olanzapine and quetia-pine (clozapine use limited in the UK) was linked to higher seizure risk compared to nonuse, and those dementia patients on new agents like risperidone, amisulpride, aripiprazole, and sulpiride were not at a higher risk for seizures.[@b75-ndt-12-467] There was a two- to threefold increase in seizure risk among antipsychotic users, irrespective of class. Interestingly, they showed that patients with dementia had a higher seizure risk compared to those with affective disorders, and seizure risk in dementia was increased irrespective of antipsychotic use.[@b75-ndt-12-467]

EEG, hypothermia, coma, and nonconvulsive status epilepticus
============================================================

EEG is an invaluable tool for the diagnosis and management of seizures. Continuous video EEG (cEEG) and quantitative EEG (qEEG) are powerful tools that have become increasingly available, but survey data reveal significant variability in utilization.[@b76-ndt-12-467],[@b77-ndt-12-467] This is likely due to lack of clear evidence guiding the duration and method of monitoring the EEG.[@b77-ndt-12-467] cEEG is resource-intensive, which makes it difficult to utilize, and the benefit to patient outcome is not firmly established.[@b78-ndt-12-467] The successful implementation of cEEG is predicated on the availability of trained EEG technicians for setup and staff to review the recording in real time. Adequate staffing and equipment are typically not readily available outside academic centers.

Current guidelines indicate the use of cEEG in altered mental status following seizure, intracranial hemorrhage, and coma for the detection of nonconvulsive seizures (NCSs).[@b79-ndt-12-467] Due to the nature of the patient population, cEEG/qEEG is used frequently in the intensive care unit setting.

Foreman et al[@b80-ndt-12-467] performed a retrospective case-control study with critically ill patients, assessing the prognostic value of generalized periodic epileptiform discharges (GPEDs). They found no significant difference in outcome (51.5% with GPEDs had poor outcome versus 46.5% of controls). Their findings reported an association with worse outcome in nonconvulsive SE (NCSE).

Oddo et al[@b81-ndt-12-467] sought to elucidate the prognostic value of cEEG in medical intensive care unit patients without acute neurologic issues using a retrospective study. A subgroup analysis of 120 patients controlling for age, coma, shock, acute renal failure, and acute hepatic failure showed significantly worse outcomes in patients with NCS or generalized periodic discharges.

These case-control and retrospective studies suggest that cEEG and detection of NCSE/GPEDs have prognostic value in the intensive care unit setting.[@b80-ndt-12-467],[@b81-ndt-12-467] However, survey data show that there is significant interobserver variability in the interpretation of the EEG, likely due to the lack of standardized electrographic criteria for the diagnosis of NCSE.[@b82-ndt-12-467],[@b83-ndt-12-467] Further studies are needed to standardize the electrographic diagnosis and treatment of NCSE and to determine if this is beneficial to patients.

Stewart et al[@b84-ndt-12-467] performed a small blinded study comparing the accuracy of a neurophysiologist reading raw EEG data to neurophysiologists (with 2 hours of training and no prior experience with qEEG) reading qEEG data in identifying seizures. Compared to raw EEG (gold standard for seizure identification), the median sensitivity was 83.3% for color-density spectral array and 81.5% for amplitude-integrated EEG. The true accuracy of qEEG techniques as a screening tool are likely better than reported in this study, due to the fact that the experimental group had to be blinded to the raw EEG data, which would normally be available in practice. qEEG may help nurses and technicians screen for seizures at the bedside as they do with cardiac telemetry, but this idea will require further study.

As per the experience at our institution, neurotelemetry/remote access allows a limited number of physicians to monitor cEEG effectively. Our institution also employs the help of resident physicians, especially for monitoring after hours. Other institutions include EEG technicians and nurses in the monitoring process. qEEG techniques can be helpful for screening large amounts of EEG data.

A small prospective study by Yigit et al[@b85-ndt-12-467] sought to elucidate the role of EEG in the emergency department (ED) setting. A total of 110 patients were enrolled who presented with seizure-like events. All patients were clinically evaluated by neurologists and ED physicians prior to routine EEG. The sensitivity and specificity of ED physicians' diagnosis was 88%, with moderate interobserver reliability with neurologists. The authors made the assertion that most patients do not require an EEG in the ED to diagnose the presence of clinical seizure, although the use of EEG was very helpful in therapeutic decision making.

Small observational studies have examined the role of cerebral hyperperfusion as an adjunct/alternative for detecting NCSE using perfusion computed tomography or transcranial Doppler.[@b86-ndt-12-467],[@b87-ndt-12-467] These technologies are more readily available than EEG, and may be helpful in acute settings. Less equipped EDs and hospitals may do well to transfer patients who need cEEG to academic centers until they develop the ability to perform the procedure adequately.

The AAN released guidelines on the neurologic management and prognostication of post-cardiac arrest and cardiopulmonary resuscitation patients in 2006.[@b88-ndt-12-467] The advent of therapeutic hypothermia (TH) was a major new advancement that has necessitated reevaluation of how these patients are managed. In the American Heart Association guidelines, Peberdy et al[@b89-ndt-12-467] advocate for the use of frequent or continuous EEG monitoring during TH. The use of cEEG monitoring during TH has brought to the forefront the possibility of post-anoxic seizures and NCSE. Knight et al[@b90-ndt-12-467] and Rittenberger et al[@b91-ndt-12-467] reported a high incidence of seizures/NCSE associated with poor outcome. There is uncertainty regarding the benefit of detecting, treating, and prognostic value of NCS and NCSE in this patient population, and it has been a very active area of research.

One of the few clinical markers in the AAN guidelines that was strongly predictive of poor outcome was myoclonic SE (MSE). The guidelines make note that sporadic myoclonus and seizures were not predictive of poor outcome. The heterogeneity of MSE sometimes makes it difficult to distinguish from sporadic myoclonus or Lance--Adams syndrome (LAS), which have more favorable prognosis.[@b92-ndt-12-467] Classically, LAS is a late-onset myoclonus that occurs after the patient has regained consciousness, but it can be confused with MSE when it occurs during coma.[@b93-ndt-12-467],[@b94-ndt-12-467] MSE usually occurs within 24 hours, whereas LAS usually takes days to weeks to develop. LAS is typically associated with respiratory arrest (rather than cardiac arrest), and is usually associated with intentional movements.

In a recent review by Crepeau et al,[@b95-ndt-12-467] the significance of common EEG patterns did not seem to be altered by TH, despite the fact that TH in itself causes decreased amplitude and frequency. As per the AAN guidelines,[@b88-ndt-12-467] there is not enough evidence to use EEG patterns in isolation for prognostication. Multiple recent studies have continued to show the overall benefit of cEEG monitoring in TH.

Dragancea et al[@b96-ndt-12-467] performed a retrospective study investigating the effect of electrographic SE on outcome in cardiac arrest and TH. There were 41 of 127 (32%) patients who developed NCSE, and those who survived all had continuous EEG background, preserved N~20~ peaks on somatosensory evoked potential, and low/moderate neuron-specific enolase (18--37 µg/L). Sadaka et al[@b97-ndt-12-467] retrospectively validated EEG patterns (burst suppression and NCSs) as poor-outcome predictors even in the setting of TH. Their data showed uniformly poor outcomes for patients with NCSs or burst suppression. Maia et al[@b98-ndt-12-467] published a retrospective analysis on 26 subjects, also confirming the accuracy of a multimodal approach (absent brain-stem reflexes, absent N~20~, malignant EEG pattern). Multiple authors have recommended delaying prognostication until 72 hours postarrest to avoid premature withdrawal of care.[@b99-ndt-12-467]--[@b102-ndt-12-467]

The issue of how the utility of EEG is changed by TH was investigated by Tjepkema-Cloostermans et al.[@b103-ndt-12-467] There were 142 patients with cardiac arrest and treatment with TH who were prospectively studied. EEG patterns were analyzed in a blinded fashion, showing poor outcomes with isoelectric and low voltage EEG, and burst suppression with identical burst patterns at 24 hours. Mani et al[@b104-ndt-12-467] also sought to prove the prognostic value of EEG with a retrospective analysis on 36 patients; 94% of patients with epileptiform activity and 100% of patients with electrographic seizures had poor outcomes.

Amorim et al[@b105-ndt-12-467] performed a single center retrospective study investigating the significance of malignant EEG patterns (GPEDs, seizures, SE, myoclonic SE) on outcome in post-cardiac arrest and TH; 33% of patients survived to discharge. Good neurological outcomes were observed in 11% of patients with malignant EEG patterns and 36% of patients with "pure" burst suppression. The authors concluded that malignant EEG patterns did not predict poor neurologic function in this study. Pure burst suppression was confounded by anesthetic use, so conclusions were not made on its prognostic significance. Alvarez et al[@b106-ndt-12-467] performed a small prospective study assessing the significance of stimulus-induced rhythmic periodic or ictal discharges (SIRPIDs) in TH patients. In their 105-patient cohort, SIRPIDs were associated with poor neurologic outcome. SIRPIDs also occurred in conjunction with other EEG markers of poor neurologic outcome (such as discontinuous background). Rossetti et al[@b107-ndt-12-467] prospectively investigated the prognostic value of cEEG in TH. Among the 34 patients, 75% of the nonsurvivors had a nonreactive background. This finding was not noted in any of the survivors. Rundgren et al[@b108-ndt-12-467] used amplitude-integrated EEG in a prospective observational study to assess the prognostic value of EEG. They found continuous backgrounds to be associated with return of consciousness. Burst-suppression patterns were associated with persistent coma and death. Flat EEG at the onset had no prognostic value.

Many TH patients accumulate massive amounts of cEEG data, which leads to the possibility that qEEG techniques could be of use. Burjek et al[@b109-ndt-12-467] investigated the use of bispectral index score (BIS) as a possible prognostic indicator. The group hypothesized that more injured brains would require less sedation and yield a lower BIS. They reported a 54% increase in the odds of poor outcome for every 10-point decrease in BIS. Riker et al[@b110-ndt-12-467] retrospectively analyzed BIS data in seven patients who awoke prior to completion of TH. The study suggests that high BIS after neuromuscular blockade may predict good outcome.

Outside cardiac arrest, there is little evidence on other uses of TH. Animal models have suggested that TH may mitigate some of the pathophysiologic changes induced by SE, and may even be a useful treatment option.[@b111-ndt-12-467]--[@b114-ndt-12-467] Some groups have studied TH in the treatment of refractory SE (RSE) in humans (not related to cardiac arrest or anoxic injury), but results have been conflicting. Marchi et al[@b115-ndt-12-467] performed a retrospective analysis of 50 patients with RSE who were treated with TH. The TH group overall had worse outcomes compared to the rest of the cohort. Multiple review articles have been published espousing the potential benefits of TH in the treatment of RSE and the need for further study.[@b116-ndt-12-467],[@b117-ndt-12-467]

One of the other issues with cEEG in the use of TH is cost. Crepeau et al[@b118-ndt-12-467] performed a retrospective study confirming the increased cost of routinely using cEEG in every TH patient (US\$1,571.59/patient with routine EEG versus \$4,214.93/patient on cEEG), without a clear benefit in terms of outcome. Alvarez et al[@b119-ndt-12-467] tested the yield of intermittent EEG versus cEEG in a prospective cohort of 34 patients with cardiac arrest and TH, and found that intermittent EEG may be an option for neuromonitoring in TH if cEEG is unavailable or too costly.

Psychogenic nonepileptic seizures ("pseudoseizures")
====================================================

Patients who experience psychogenic nonepileptic spells (PNES) or "pseudoseizures" are yet another diagnostic and therapeutic challenge. Often, it can be difficult to distinguish between PNES and organic seizures, and the picture can be further complicated when both occur simultaneously.[@b120-ndt-12-467],[@b121-ndt-12-467] Diagnosis can be straightforward if an event can be witnessed or captured on video EEG. In 2013, the International League Against Epilepsy released guidelines to assist with clinical diagnosis of PNES in situations where video EEG is not available.[@b122-ndt-12-467]

The basic pathophysiology is still poorly understood. There is a growing body of evidence that underlying structural abnormalities may contribute. Arthuis et al[@b123-ndt-12-467] performed an imaging study with positron-emission tomography that noted anterior cingulate and right parietal hypometabolism associated with PNES. These areas are involved in regulation of emotion and consciousness. Lee et al[@b124-ndt-12-467] examined white-matter tracts using diffusion-tensor imaging and noted left-hemispheric abnormalities. Xue et al[@b125-ndt-12-467] used EEG-network analysis to demonstrate abnormalities in connectivity between the frontal lobe and other regions. Reinsberger et al[@b126-ndt-12-467] suggested autonomic dysfunction may play a role in the pathogenesis of PNES. They identified PNES patients with heart rate-variability analysis. The role of autonomic dysfunction is an area of future research that may yield novel ways to conceptualize, diagnose, and treat PNES.

Inconclusive results after prolonged intensive video EEG monitoring is a frustrating reality that is more likely to occur in PNES patients.[@b127-ndt-12-467] Popkirov et al[@b128-ndt-12-467] and Goyal et al[@b129-ndt-12-467] tested the utility of different induction techniques specifically to provoke nonepileptic events. Compression of temple region, verbal suggestion, tuning-fork application, moist-swab application, torchlight stimulation, and saline injection all had 100% specificity and positive predictive value for PNES. One group[@b130-ndt-12-467] postulated that multiple complaints on a review of systems would be a helpful clinical marker when the diagnosis is unclear.

Capturing a PNES event on cEEG may not always be feasible. Cost and access are barriers, so other reliable methods need to be available. Gubbi et al[@b131-ndt-12-467] addressed the issue by developing a wearable device with a 100% PNES-identification rate that could aid the diagnostic process. Beniczky et al[@b132-ndt-12-467] developed an algorithm using surface electromyography to analyze convulsive events with 95% accuracy. These are promising new technologies that may have a great impact on cost and convenience to patients and the health care system in the future.

Often the best information available to clinicians is from eyewitnesses accounts. Ristić et al[@b133-ndt-12-467] showed that better medical education of the observer improved the accuracy of event classification as epileptic and nonepileptic. Alessi and Valente[@b134-ndt-12-467] warned that PNES patients are highly susceptible to a placebo effect, so improvement with AEDs is not a very reliable clinical marker to distinguish epileptic seizures from PNES. Despite this, response to AED treatment is commonly used to assess the likelihood of nonepileptic events.

There are few high-quality studies addressing the treatment of PNES, despite its high incidence[@b121-ndt-12-467],[@b135-ndt-12-467],[@b136-ndt-12-467] (1.4--4.9/100,000).[@b135-ndt-12-467] Cognitive behavioral therapy (CBT) has been shown to be successful in two small prospective clinical trials.[@b137-ndt-12-467],[@b138-ndt-12-467] Goldstein et al[@b138-ndt-12-467] performed a pilot randomized controlled trial comparing CBT to standard medical care, and found that CBT was superior in terms of PNES resolution at 3 months. LaFrance et al[@b137-ndt-12-467] also investigated PNES in a prospective manner by recruiting video EEG-confirmed PNES patients to a standardized CBT protocol. Seizure frequency was measured before and after the intervention in 17 patients, and a significant decrease in mean seizure frequency was noted. Santos et al[@b139-ndt-12-467] demonstrated the usefulness of psychoanalytical therapy in 37 patients. Psychoeducational[@b137-ndt-12-467] and mindfulness-based[@b140-ndt-12-467] interventions also have some evidence of usefulness.

Small pilot studies have shown encouraging results for the use of venlafaxine[@b121-ndt-12-467] and sertraline.[@b141-ndt-12-467] Pintor et al[@b121-ndt-12-467] conducted an open-label prospective study in patients with PNES and depression/anxiety treated with venlafaxine, where the number of seizures decreased by over 50% in 15 patients. LaFrance et al[@b141-ndt-12-467] conducted a pilot double-blinded, randomized trial investigating the effect of flexible-dose sertraline versus placebo. The group treated with sertraline had a 45% reduction in seizure frequency versus an 8% increase in the placebo group. LaFrance et al also performed a second randomized controlled trial[@b142-ndt-12-467] comparing variable-dose sertraline alone, CBT alone, and a combination of the two. The combined arm showed 59.3% seizure reduction, the CBT-alone arm had 51.4% seizure reduction, and the sertraline-alone arm showed no significant effect on seizure frequency.

PNES patients typically have comorbid psychiatric and psychosocial issues, which contribute to the difficulty in successful treatment. One retrospective and another prospective population-based study reported patients' economic hardships were associated with poor outcomes,[@b136-ndt-12-467],[@b143-ndt-12-467] so it may be helpful to be aggressive in dealing with these social issues in a multidisciplinary manner. Based on a prospective study on 260 subjects, McKenzie et al[@b143-ndt-12-467] reported that PNES resolution in patients with social security income was 2.34 times less likely and in those with depression/anxiety 2.32 times less likely. Duncan et al[@b136-ndt-12-467] published a retrospective study that showed employed subjects were 4.89 times more likely to be free of spells at follow-up than the unemployed. One recently published paper[@b144-ndt-12-467] suggested that patients with comorbid epilepsy were more likely to improve over time. Over approximately 4 years of follow-up, they found that 22% of the PNES patients and 58% of PNES/epilepsy patients had a decrease in nonepileptic events.

The literature suggests that clear disclosure of the diagnosis to the patient is associated with cessation or decreased frequency of nonepileptic events.[@b145-ndt-12-467],[@b146-ndt-12-467] A prospective audit by Razvi et al[@b146-ndt-12-467] showed a decrease in health care utilization after diagnosis. Their data reported a rapid decrease in health care demand in 28 subjects (including a 100% decrease in hospitalization) directly correlated with the establishment of a PNES diagnosis. Mayor et al[@b145-ndt-12-467] did a feasibility study on a standardized psychoeducational intervention that could be delivered by health care professionals (nurses, psychology assistants) with little experience in psychological therapy. Their tool resulted in 50%--100% reduction in PNES frequency. These studies illustrate the importance of prompt diagnosis and clear communication (even from nonphysicians), which may improve outcomes for the patient and have a positive impact on health care spending.

In the hospital setting, many clinicians are tempted to ask for inpatient psychiatric consultation (IPC) when PNES is suspected. Acton and Tatum[@b120-ndt-12-467] published a survey of 173 centers certified by the National Association of Epilepsy Centers investigating the use of IPC in epilepsy-monitoring units and a small, single-center, retrospective analysis of the use of IPC for newly diagnosed PNES. More than 50% of surveyed centers did not routinely obtain IPC, and in the single-center cohort 19 of 26 subjects agreed to IPC. The overall conclusion of the authors was that there was no obvious benefit to IPC, but larger trials were warranted. Case-by-case use of IPC will likely facilitate more timely evaluation and treatment of the minority of patients who would benefit from IPC, such as in the case of psychosis or suicidal ideation. Their data also suggested that major barriers to treatment included patients' acceptance of the diagnosis and availability of physicians willing to manage PNES. As with many psychiatric conditions, very little can be offered until the patient is ready to be treated.

Although PNES in itself is not a life-threatening condition, these patients are at significant risk for iatrogenic harm.[@b147-ndt-12-467] The emergency room setting is particularly dangerous, since patients are often treated aggressively before all details of medical history are available. Another patient population with a unique risk are the pregnant, who may be exposed unnecessarily to the risks of AED treatment. Patients with PNES are also at risk of sustaining injury from their events, much like epileptic seizures.[@b147-ndt-12-467],[@b148-ndt-12-467]

Seizures and psychiatric comorbidities
======================================

Psychiatric comorbidities are more frequent in patients with epilepsy compared to the general population. Treatment of these comorbidities is complicated by the interplay between antipsychotics, antidepressants, AEDs, and their effect on symptoms.

The relationship between depression and epilepsy is complex. Kanner et al[@b149-ndt-12-467] published a paper detailing the current understanding of the links between depression and epilepsy. They stated that there was a multifactorial and bidirectional relationship between the two conditions. Epidemiologic data show that having major depressive disorder is linked to the development of medical and neurological disease, including epilepsy. Patients who have an established diagnosis of epilepsy are at higher risk of developing depression. Animal models also demonstrate this link through the presence of depressive behaviors in epileptic rats.

The link between epilepsy and depression is important, because it is common and complicates treatment. Recognition that depression and related issues are common among epilepsy patients is crucial for management. Karouni et al[@b150-ndt-12-467] reported that depression may be undertreated in the epilepsy population. Reisenger and Dilorio[@b151-ndt-12-467] asserted that depression was the most common psychiatric comorbidity. The authors analyzed survey data from Project EASE (Epilepsy Awareness, Support, and Education). Employment status, social support, and stigma were the three most consistent predictive factors in the development of depression in study subjects. One of the most dangerous aspects of depression is the risk of suicide. Hecimovic et al[@b152-ndt-12-467] looked at the risk of suicidal ideation in the epilepsy population. In their prospective study, they found that 10.9% of the 193 patients enrolled admitted to suicidal thoughts. Depression was the only factor that had a significant correlation, but 25% of the cohort either had no depression or only mild depression. Another issue associated with depression is substance abuse. Sajatovic et al[@b153-ndt-12-467] recently had published a retrospective study comparing the hospitalization and emergency room visits of epileptic patients with and without comorbid mental illness. They found that hospitalization or ED visits occurred at least once per year in 34.2% of the epilepsy-only group, and were significantly higher in the comorbid mental illness group (50%). Most of the emergent care was directly related to seizure complications, but substance abuse was also a very common issue that brought the comorbid mental illness patients to the hospital. Crail-Meléndez et al[@b154-ndt-12-467] sought to address the high prevalence of depression by testing CBT in patients with temporal lobe epilepsy. Their data showed significant improvement in Beck Depression Inventory and Quality of Life in Epilepsy-31 scores after 16 weekly sessions.

Depression is not the only neuropsychiatric comorbidity associated with epilepsy. Many epilepsy patients have associated intellectual disability, which puts them at risk of behavioral problems.[@b155-ndt-12-467] Behavior disturbances in this population have to be carefully evaluated, since the etiology can be diverse. Medical issues, AED effects, psychiatric issues, and even seizure are some of the possibilities.

Schizophrenia and other psychoses also occur in concert with seizures, making it a significant challenge for the patient, in terms of managing symptoms, caregivers in terms of help, and physicians in terms of treatment. It is believed that epilepsy is a risk factor for psychosis, and a recent systematic review of literature and meta-analysis of studies by Clancy et al[@b156-ndt-12-467] revealed a 5.6% pooled prevalence of psychosis in epilepsy and a rate of psychosis among epileptics to be 7.8 times higher than in people without epilepsy. The same study found an incidence of postictal psychosis (PIP) to be \~2%, lower than previously reported, perhaps because of the transient nature of the condition. The rate of interictal psychosis (IIP) was 5.2%. Temporal lobe epilepsy had the highest rate of psychosis. The issue of association versus causation between epilepsy and psychosis is much debated, without definitive answers. Theories of "kindling", "forced normalization", and ongoing subictal activity in the limbic system have been proposed to explain psychosis in epilepsy.

Clinically, it is important to distinguish IIP and PIP from primary psychiatric disease, because there is a difference in terms of treatment and prognosis. Currently, there are no consensus guidelines on the treatment of IIP and PIP. Adachi et al[@b157-ndt-12-467],[@b158-ndt-12-467] have had published reviews on the management of IIP/PIP, and offered advice on the best management strategies. IIP appears to be more associated with developmental/intellectual delays and complex partial seizures. Polypharmacy and AED use is also associated with IIP. Ethosuximide, phenytoin, zonisamide, topiramate, and vigabatrin have been associated with higher risk of IIP. Treatment of IIP can be difficult in multiple ways. Typically, the treating physician who encounters these symptoms may not be experienced in treating psychosis, and the use of antipsychotics may have a detrimental effect on seizure control. The authors suggested that the epileptologist is in the best position to recognize and initiate treatment. The preexisting therapeutic relationship removes some of the barriers to the initiation of psychiatric treatment. Antipsychotics should be used early, but there is no clear evidence that any particular agent is better suited for this indication. Aside from symptomatic management, treatment should also address functional recovery and quality of life (including psychotherapy and social support). PIP is easier to recognize, since it is clearly associated with seizure activity. Milder changes in behavior (elated mood, irritability) may herald frank psychosis, which can be prevented with early treatment. PIP is typically associated with focal-onset epilepsies (especially long-standing temporal lobe epilepsy). Unlike IIP, PIP can improve with improved seizure control. While IIP should be treated similarly to functional conditions (such as schizophrenia), PIP should focus on halting dangerous behaviors. Duration of antipsychotic treatment is an area of active research. Mula[@b159-ndt-12-467] published a review that stressed the importance of distinguishing IIP/PIP from primary psychiatric disease. The author recommended citalopram for mood disorders, and newer antipsychotics (olanzapine, risperidone, quetiapine) for IIP.

Psychotropic medications and seizures
=====================================

Physicians who treat epileptic patients with psychiatric comorbidities must be cognizant of the effects of psychotropic drugs. There is conflicting evidence regarding the relationship between psychotropic drugs and seizure control. In general, most clinicians are concerned about decreased seizure control with concomitant AED and antipsychotic use. Antipsychotics and antidepressants, most notably haloperidol, risperidone, chlorpromazine, clomipramine, and sertraline, can cause increased concentrations of carbamazepine, valproic acid, phenytoin, phenobarbital, and lamotrigine.[@b160-ndt-12-467]

Clozapine in particular is known to cause seizures as a side effect. A recent review[@b161-ndt-12-467] reported that this risk was typically highest at serum concentrations \>1,300 ng/mL. The use of AEDs for primary seizure prophylaxis is discouraged, due to risk of cumulative side effects and drug interactions that may alter the serum level. Even in the case of secondary prophylaxis, the dose of clozapine should be adjusted. The use of AEDs should be considered a last resort. Topiramate, gabapentin, and lamotrigine are reasonable choices (although lamotrigine may increase the clozapine serum level). Carbamazepine, phenytoin, and phenobarbital may decrease the clozapine serum concentration. Additionally, carbamazepine should be avoided, due to increased risk of agranulocytosis.

Bloechliger et al[@b75-ndt-12-467] performed a retrospective study to determine which antipsychotics were most associated with increased risk of seizure, and found that patients with affective disorders who used higher-potency first-generation antipsychotics (haloperidol, prochlorperazine, trifluoperazine) had a 2.5-fold increased risk of developing seizures. Okazaki et al[@b162-ndt-12-467] performed a prospective study that compared the effect of multiple types of antipsychotics on seizure frequency. They concluded that antipsychotics did not increase the number of seizures, and their use could actually improve seizure frequency in focal-onset epilepsy. Levine and Ruha[@b163-ndt-12-467] published a review on antipsychotic overdose. They reported that seizures were most associated with clozapine, and were otherwise not common with atypical antipsychotic overdose. They recommended treating drug-induced seizures with benzodiazepine and barbiturates. The authors discouraged the use of AEDs for toxin-induced seizures.

Novel AEDs and new routes of drug administration
================================================

A number of new AEDs have entered the market in the last 20 years, and there are newer ones in development. They have been quite a boon in terms of reduced side effects compared to the older agents. Important characteristics of these drugs are summarized in [Table 4](#t4-ndt-12-467){ref-type="table"}. Drug interactions between AEDs and other classes of medications like HAART, anticoagulants, and psychotropic medications are summarized in [Table 5](#t5-ndt-12-467){ref-type="table"}.

Most AEDs used in the acute setting can be given intravenously. While this can be a great advantage, it can also be a frustrating challenge. In the prehospital setting in particular, intravenous (IV) access may not be available. It is for this reason that the search and use of alternate routes of administration become important.

The introduction of rectal diazepam was an excellent solution for the pediatric population (for whom IV access is more difficult to establish), but is proving to be uncomfortable and invasive for older children and adults. Rectal diazepam is the only alternative that is FDA-approved in the US as an alternative to the IV route in the treatment of acute seizures. Intramuscular, intranasal (IN), buccal, and sublingual formulations of benzodiazepines have been studied in the use of prolonged and repetitive seizures.

Intramuscular autoinjectors (AIs) appear to be a promising alternative in terms of safety and efficacy, based on randomized controlled trials and pharmacokinetic studies.[@b164-ndt-12-467],[@b165-ndt-12-467] Garnett et al[@b166-ndt-12-467] compared the pharmacokinetic and safety profile of a diazepam AI and rectal diazepam in a single-center, open-label study. They concluded that the AI consistently had more rapid and reliable absorption (maximum concentration 303.9 ng/mL in the AI group versus 209.1 ng/mL in rectal administration group). Lamson et al[@b167-ndt-12-467] also compared the two routes of access, and found 14% greater bioavailability with an AI. Abou-Khalil et al[@b168-ndt-12-467] performed a double-blind, placebo-controlled study with a diazepam AI administered by caregivers for acute repetitive seizures in the outpatient setting. The diazepam AI significantly increased the time until the occurrence of the next seizure (absolute risk reduction of 20.2%). All three studies reported excellent tolerability, with the major adverse effect being injection-site pain. Despite the fact that most of these studies were either affiliated to or funded by the pharmaceutical industry, the potential benefit seems clear.

Henney et al performed a randomized controlled study in the hospital setting comparing the bioavailability and tolerability of IN diazepam to the standard rectal formulation in adults,[@b169-ndt-12-467],[@b170-ndt-12-467] and concluded that the two were equivalent. Ivaturi et al[@b171-ndt-12-467] also reported comparable bioavailability in a cohort of healthy volunteers. Thakker and Shanbag[@b170-ndt-12-467] pro spectively investigated the safety and efficacy of IN midazolam compared to IV diazepam in children. The time from hospital arrival to treatment was shorter in the IN midazolam group. Time from arrival to hospital and cessation of seizures was also shorter in the IN midazolam group. de Haan et al[@b172-ndt-12-467] compared IN midazolam to rectal diazepam administered by caregivers to institutionalized adult patients and found comparable efficacies. Overall, the IN formulation appears to be a viable option.

Buccal midazolam has recently been licensed in Europe, and there have been multiple small international trials demonstrating safety and efficacy.[@b173-ndt-12-467] This option has not been studied in the US population. Nakken and Lossius[@b174-ndt-12-467] compared buccal midazolam to rectal diazepam in SE, and found that buccal midazolam actually stopped seizures more quickly.

Many of the studies involving rectal administration in the prehospital setting included data on caregiver preferences, and all have demonstrated a clear preference for alternative routes. As evidence suggests, especially in the prehospital setting, the value of routes that preclude the need for IV access to commence treatment of seizures need to be adopted. Further randomized studies and FDA approval will facilitate this.

Conclusion
==========

As evidenced from the above discussion, the challenges in the realm of seizures and epilepsy are myriad and unique to each setting. This review has tried to address only some of these issues that any practitioner who deals with the acute management of seizures may encounter. Our aim has been to update the reader on all the new research, guidelines, and tools available to answer these questions and provide solutions to these situations. It is by no means a complete read on the field, given the vastness of the topic and various sub-specialties involved. Specifically, for seizures and epilepsy in the pediatric setting, we direct the reader to other available literature. The document also highlights the numerous avenues for new research that would help practitioners optimize epilepsy management.
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###### 

Causes of seizures in pregnancy

  -------------------------------------------------------
  Epilepsy
  Trauma
  Cerebrovascular accidents
   Hemorrhage
   Infarct
   Subarachnoid hemorrhage
   Cortical venous sinus thrombosis
   Hypoxic ischemic encephalopathy
  Eclampsia
   Posterior reversible encephalopathy syndrome (PRES)
   Reversible cerebral vasoconstriction syndrome (RCVS)
  Infections
   Virus-like herpes simplex, bacterial
   Opportunistic infections in the setting of HIV/AIDS
  Brain tumors: benign and neoplastic
   Primary
   Metastatic
  Metabolic abnormalities
  Autoimmune disorders
  Congenital brain malformations
  Liver/renal failure
  Drug/substance overdose
  -------------------------------------------------------

###### 

Summary of ILAE recommendations regarding AEDs and HAART

  ---------------------------------------------------------------
  AED             HAART                    Dose adjustment
  --------------- ------------------------ ----------------------
  Phenytoin       Lopinavir/ritonavir      Increase HAART 50%

  Valproic acid   Zidovudine\              Decrease HAART dose\
                  Efavirenz                No adjustment

  Lamotrigine     Ritonavir/atazanavir\    Increase AED 50%\
                  Raltegravir/atazanavir   No AED adjustment

  Midazolam       Raltegravir              No AED adjustment
  ---------------------------------------------------------------

**Abbreviations:** ILAE, International League Against Epilepsy; AEDs, antiepileptic drugs; HAART, highly active antiretroviral therapy.

###### 

Overlapping toxicities

  Symptom          AED                     HAART                   HIV
  ---------------- ----------------------- ----------------------- -----
  Tremor           VPA                     NA                      \+
  Weight loss      TPM                     NA                      \+
  Hyperlipidemia   EI (PHT, CBZ)           PI                      \+
  Hypogonadism     EI (PHT, CBZ)           NA                      \+
  Renal stones     TPM                     Atazanavir, indinavir   −
  Hepatotoxicity   VPA, PHT                Multiple                −
  Osteoporosis     EI, prolonged AED use   Tenofovir               −

**Abbreviations:** AED, antiepileptic drug; CBZ, carbamazepine; EI, enzyme inducer; HAART, highly active antiretroviral therapy; NA, not applicable; PHT, phenytoin; PI, protease inhibitor; TPM, topiramate; VPA, valproic acid.

###### 

Pharmacological characteristics of newer AEDs

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  AED                       Mechanism of action                                      Pharmacokinetics                                  Side effects                                                                                                                                                    Other
  ------------------------- -------------------------------------------------------- ------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Felbamate                 GABA-R activation\                                       • *t*~½~ 20--23 hours\                            Aplastic anemia, hepatic failure                                                                                                                                Consider hematology consult before initiation. Decrease concomitant CBZ, PHB, PHT, or VPA doses by 20%. CI in hepatic impairment.\
                            BZD-R activation\                                        • Good PO absorption\                                                                                                                                                                                             Decrease dose by 50% in renal impairment. Informed consent form completed by patient and prescriber prior to initiation.
                            NMDA-R inhibition                                        • Urine excretion                                                                                                                                                                                                 

  Gabapentin                Inhibits voltage-gated Ca channels                       • *t*~½~ 5--7 hours\                              Somnolence, dizziness, peripheral edema                                                                                                                         Neuropsychiatric side effects in children, bioavailability is not dose proportional.\
                                                                                     • Bioavailability 60%\                                                                                                                                                                                            Dispense with medication guide.
                                                                                     • Urine excretion                                                                                                                                                                                                 

  Lamotrigine               Inhibits voltage-gated Na channels                       • *t*~½~ 25--33 hours\                            Rash (occurring within 2--8 weeks of therapy initiation), blood dyscrasias, dizziness, headache, diplopia, ataxia, nausea, blurred vision                       Specific dose adjustments depending on coadministration of other AEDs.\
                                                                                     • Bioavailability 60%\                                                                                                                                                                                            Discontinue at the first sign of a rash. Increased risk of aseptic meningitis.
                                                                                     • Hepatic metabolism\                                                                                                                                                                                             
                                                                                     • Urine excretion (94%)                                                                                                                                                                                           

  Tiagabine                 GABA activation                                          • *t*~½~ 7--9 hours (2--5 with EI AEDs)\          Dizziness, fatigue, somnolence, irritability, tremor, abdominal pain, CI                                                                                        Administer with food. Concentration decreases up to 50% when given with enzyme-inducing AEDs. Cases of SJS have been reported.
                                                                                     • Bioavailability 90%\                                                                                                                                                                                            
                                                                                     • Hepatic metabolism\                                                                                                                                                                                             
                                                                                     • Feces excretion (63%)\                                                                                                                                                                                          
                                                                                     • Urine excretion (25%)                                                                                                                                                                                           

  Topiramate                Blocks voltage-gated Na channels\                        • *t*~½~ 21 hours\                                Paresthesia, weight loss, metabolic acidosis, kidney stones, glaucoma                                                                                           Slow taper for initiation and discontinuation. Trokendi XR capsules should not be administered within 6 hours of alcohol use. Do not crush tablets (bitter taste). CI with metformin due to metabolic acidosis (ketogenic diet further increases this risk). Weakly inhibits carbonic anhydrase.
                            GABA activation\                                         • Bioavailability 80%\                                                                                                                                                                                            
                            Inhibits AMPA                                            • Minimal hepatic metabolism\                                                                                                                                                                                     
                                                                                     • Urine excretion (70%)                                                                                                                                                                                           

  Levetiracetam             SV2A binding                                             • *t*~½~ 6--8 hours\                              Somnolence, behavioral abnormalities, abnormal coordination                                                                                                     Dose adjustment for renal impairment and ESRD patients. SJS and TEN reports in patients after 2 weeks to 4 months of therapy. Closely monitor behavioral changes (may warrant discontinuation).
                                                                                     • Bioavailability 100%\                                                                                                                                                                                           
                                                                                     • Metabolized by nonhepatic hydrolysis\                                                                                                                                                                           
                                                                                     • Urine excretion (60%)                                                                                                                                                                                           

  Oxcarbazepine             Inhibits voltage-gated Na channels                       • *t*~½~ 9 hours (active metabolite)\             CI, dizziness, somnolence, nausea/vomiting, abnormal vision, abdominal pain, abnormal gait, blood dyscrasias, bone disorders with long-term use, hyponatremia   Dose adjustments for severe renal impairment and ESRD. Medication guide must be dispensed with medication. Hypothyroidism has been reported in pediatric patients. 25%--30% of patients have cross-reactivity with carbamazepine. Avoid in patients with the HLA-B^\*^1502 protein (likely patients of Asian descent).
                                                                                     • Bioavailability 100%\                                                                                                                                                                                           
                                                                                     • Liver metabolism\                                                                                                                                                                                               
                                                                                     • Urine excretion (80%)                                                                                                                                                                                           

  Zonisamide                Blocks voltage-gated Na and Ca channels                  • *t*~½~ 63 hours\                                Rash, psychiatric symptoms, kidney stones, somnolence, anorexia, dizziness, headache, nausea, irritability                                                      Extensively binds to RBCs. Approved for patients \>16 years old. Not recommended with GFR \<50 mL/min. Must be dispensed with medication guide. Monitor for metabolic acidosis and elevated body temperature (from decreased sweating).
                                                                                     • Liver metabolism (CYP450)\                                                                                                                                                                                      
                                                                                     • Urine excretion (62%)\                                                                                                                                                                                          
                                                                                     • Feces excretion (3%)                                                                                                                                                                                            

  Pregabalin                Inhibits Ca channel via α~2~δ-subunit                    • *t*~½~ 6 hours\                                 Angioedema, dizziness, somnolence, dry mouth, edema, blurred vision, weight gain, concentration impairment                                                      Taper over 1 week when discontinuing. Renal impairment dose adjustments. Use cautioned in heart-failure patients. Monitor for ocular disturbances.
                                                                                     • Bioavailability \>90%\                                                                                                                                                                                          
                                                                                     • Good PO absorption\                                                                                                                                                                                             
                                                                                     • Not extensively metabolized\                                                                                                                                                                                    
                                                                                     • Urine excretion (90%)                                                                                                                                                                                           

  Rufinamide                Prolonged inactivation of Na channel                     • *t*~½~ 6--10 hours\                             Headache, dizziness, fatigue, somnolence, nausea, QT shortening, leukopenia                                                                                     When discontinuing, decrease dose by 25% every 2 days. Administer with food. Dispense with medication guide. Monitor for DRESS and SJS.\
                                                                                     • Bioavailability \>90%\                                                                                                                                                                                          Hormonal contraceptives may be less effective.
                                                                                     • Hepatic metabolism\                                                                                                                                                                                             
                                                                                     • Urine excretion                                                                                                                                                                                                 

  Lacosamide                Enhances slow activation of voltage-gated Na channels\   • *t*~½~ 15--23 hours\                            PR prolongation, syncope, diplopia, headache, dizziness, nausea                                                                                                 Dose adjustments for hepatic and severe renal impairments. Dispense with medication guide. Monitor for DRESS. Some dosage forms contain phenylalanine and/or propylene glycol.
                            Binds CRMP-2                                             • Bioavailability \~100%\                                                                                                                                                                                         
                                                                                     • Hepatic metabolism (CYP2C19)\                                                                                                                                                                                   
                                                                                     • Urine excretion (95%)                                                                                                                                                                                           

  Vigabatrin                Irreversible inhibitor of GABA-T                         • *t*~½~ 10.5 hours\                              Vision loss, anemia, fatigue, somnolence, tremor, nystagmus, weight gain, memory impairment, arthralgia, abnormal coordination, confusion                       Unpredictable, permanent vision loss in \>30% of adult patients. Only available through the REMS SHARE program (1-888-45-SHARE). Dose adjustments for renal impairment. Dispense with medication guide.
                                                                                     • Bioavailability \~100%\                                                                                                                                                                                         
                                                                                     • Not extensively metabolized\                                                                                                                                                                                    
                                                                                     • Urine excretion (95%)                                                                                                                                                                                           

  Clobazam                  Binds BZD site of GABA~A~-R                              • *t*~½~ 36--42 hours\                            Somnolence, drooling, constipation, cough, urinary tract infection, aggression, insomnia, fatigue, habituation/dependence                                       Dose adjustments for hepatic impairment. Schedule 4 controlled substance. Dispense with medication guide. SJS and TEN reported during the first 8 weeks of therapy.
                                                                                     • Bioavailability \~100%\                                                                                                                                                                                         
                                                                                     • Extensive hepatic metabolism (CYP34A)\                                                                                                                                                                          
                                                                                     • Urine excretion (2% unchanged)\                                                                                                                                                                                 
                                                                                     • Feces excretion (1% unchanged)\                                                                                                                                                                                 
                                                                                     • Active metabolite                                                                                                                                                                                               

  Perampanel                Inhibits AMPA receptor                                   • *t*~½~ 36--42 hours\                            Dizziness, somnolence, fatigue, irritability, falls, nausea, weight gain, vertigo                                                                               Life-threatening psychiatric reactions reported within the first 6 weeks of therapy. Dose adjustments for hepatic and severe renal impairments.\
                                                                                     • Good PO absorption\                                                                                                                                                                                             Dispense with medication guide.
                                                                                     • Extensive hepatic metabolism (CYP3A4/CYP3A5)\                                                                                                                                                                   
                                                                                     • Urine excretion (22%)\                                                                                                                                                                                          
                                                                                     • Feces excretion (48%)                                                                                                                                                                                           

  Eslicarbazepine acetate   Inhibition of voltage-gated\                             • *t*~½~ 36--42 hours\                            Skin reaction, eosinophilia, anaphylaxis, hyponatremia, hepatic injury, dizziness, somnolence, nausea, headache, diplopia, vertigo, blurred vision, tremor      Not recommended with oxcarbazepine. Dose increase likely needed with concomitant enzyme-inducing AEDs. Renal dose adjustments. CI in severe hepatic impairment and ESRD. Dispense with medication guide. Monitor for hyponatremia, SJS, and hypothyroidism. Decreases effectiveness of hormonal contraceptives.
                            Na channels                                              • Active metabolite (eslicarbazepine)\                                                                                                                                                                            
                                                                                     • Extensive first-pass hydrolysis\                                                                                                                                                                                
                                                                                     • Urine excretion (90%)                                                                                                                                                                                           
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** AEDs, antiepileptic drugs; GABA-R, γ-aminobutyric acid receptor; BZD, benzodiazepine; NMDA, *N*-methyl-[d]{.smallcaps}-aspartate; *t*~½~, half-life; PO, per os (by mouth); CBZ, carbamazepine; PHB, phenobarbital; PHT, phenytoin; VPA, valproic acid; CI, cognitive impairment; EI, enzyme inducer; SJS, Stevens--Johnson syndrome; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; ESRD, end-stage renal disease; TEN, toxic epidermal necrolysis; RBCs, red blood cells; GFR, glomerular filtration rate; DRESS, drug rash with eosinophilia and systemic symptoms; REMS, risk-evaluation and -mitigation strategy; SHARE, Support, Help, and Resources for Epilepsy.

###### 

AED interactions with other drug classes

                                Enzyme inducers   VPA      LTG     ZNG   ETX   CLZ   CLB   OXZ   TPM   FLB   TIG   LEV   LAC        
  ----------------------------- ----------------- -------- ------- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ---- ----
  **Anticoagulants**                                                                                                                
  Apixaban                      ⊗↓                ⊗↓       --      --    --    --    --    --    --    --    --    --    --    --   --
  Dabigatran                    ↓                 ↓        ↓       --    --    --    --    --    --    --    --    --    --    --   --
  Edoxaban                      ↓                 ↓        ↓       --    --    --    --    --    --    --    --    --    --    --   --
  Rivaroxaban                   ↓                 ↓        --      --    --    --    --    --    --    --    --    --    --    --   --
  Warfarin                      ↓^\*^↑            ↓        ↓       ↑     --    --    --    --    --    ↓/↑   ↓     ↑     --    --   --
  **Typical antipsychotics**                                                                                                        
  Droperidol                    --                --       S       --    --    --    --    S     S     S     --    --    --    --   --
  Haloperidol                   --                ↓        S       --    --    --    --    S     ↑     --    S     --    --    --   --
  Trifluoperazine               --                --       S       --    --    --    --    S     --    --    S     --    --    --   --
  **Atypical antipsychotics**                                                                                                       
  Aripiprazole                  ↓                 ↓        ↓S      --    --    --    --    S     ↑S    ↓     ↓S    --    --    --   --
  Asenapine                     --                ↓        ↓       --    --    --    --    --    S     --    --    --    --    --   --
  Clozapine                     ↓                 ⊗↓       ↓S      ↓     --    --    --    S     S     ↓     ↓S    --    --    --   --
  Lurasidone                    ⊗↓S               ⊗↓S      ⊗↓S     --    S     S     S     S     --    ⊗↓    S     S     S     S    --
  Olanzapine                    --                ↓        ↓S      --    --    --    --    S     S     --    S     --    --    --   --
  Paliperidone                  ↓                 ↓        ↓S      --    --    --    --    S     S     --    S     --    --    --   --
  Quetiapine                    ↓                 ↓^\*^↑   ↓S      --    --    --    --    S     S     ↓     ↓S    --    --    --   --
  **SSRIs**                                                                                                                         
  Citalopram                    --                ↓        --      --    S     --    --    --    --    --    --    --    --    --   --
  Paroxetine                    --                --       --      --    S     --    --    --    ↑     --    --    --    --    --   --
  Fluoxetine                    ^\*^↑             ^\*^↑    --      --    S     --    --    --    ↑     --    --    --    --    --   --
  Sertraline                    ↑                 ^\*^↑    --      --    S     --    --    --    ↑     --    --    --    --    --   --
  **SNRIs**                                                                                                                         
  Duloxetine                    --                ↓        ↓       --    --    --    --    --    ↑     --    --    --    --    --   --
  Venlafaxine                   --                --       --      --    --    --    --    --    ↑     --    --    --    --    --   --
  **TCAs**                                                                                                                          
  Amitriptyline                 ↓^\*^↑            ↓        ↓S      --    --    --    --    S     ↑S    ↑     ↓S    ↑     --    --   --
  Nortriptyline                 ↓                 ↓        ↓S      --    --    --    --    S     ↑S    --    S     --    --    --   --
  **MAOIs**                                                                                                                         
  Phenelzine                    --                ⊗        ^\*^↑   --    --    --    --    --    --    --    --    --    --    --   --
  **Other antidepressants**                                                                                                         
  Bupropion                     --                ↓        ↓       --    --    --    --    --    --    --    --    --    --    --   --
  Mirtazapine                   --                --       S       --    --    --    --    S     ↑S    --    S     --    --    --   --

**Notes:** ↓, AED causes decrease in medication level/efficacy; ↑, AED causes increase in medication level/efficacy; \*↓/\*↑, medication causes decrease or increase in AED level/efficacy; ⊗, combination contraindicated; S, increased CNS depression; ↓/↑, OXZ decreases warfarin by CYP34A but increases it by CYP2C19.

**Abbreviations:** AED, antiepileptic drug; PHT, phenytoin; CBZ, carbamazepine; PHB, phenobarbital; VPA, valproic acid; LTG, lamotrigine; ZNG, zonisamide; ETX, ethosuximide; CLZ, clonazepam; CLB, clobazam; OXZ, oxcarbazepine; TPM, topiramate; FLB, felbamate; TIG, tiagabine; LEV, levetiracetam; LAC, lacosamide; SSRIs, selective serotonin-reuptake inhibitors; SNRIs, selective serotonin--norepinephrine reuptake inhibitors; TCAs, tricyclic antidepressants; MAOIs, monoamine oxidase inhibitors; CNS, central nervous system.
